Plant profilin induces actin polymerization from actin:β-thymosin complexes and competes directly with β-thymosins and with negative co-operativity with DNase I for binding to actin  by Ballweber, Edda et al.
Plant pro¢lin induces actin polymerization from actin : L-thymosin
complexes and competes directly with L-thymosins and with negative
co-operativity with DNase I for binding to actin
Edda Ballwebera, Klaudia Giehlb, Ewald Hannappelc, Thomas Hu¡c, Brigitte M. Jockuschb,
Hans Georg Mannherza;*
aCytoskeletal Laboratory, Department of Anatomy and Embryology, Ruhr-University, Universitaºtsstr. 150, D-44780 Bochum, Germany
bInstitute of Cell Biology, Zoological Institute, Technical University, Braunschweig, Germany
cInstitute of Biochemistry, Friedrich-Alexander-University, Erlangen, Germany
Received 4 February 1998
Abstract Recombinant plant (birch) profilin was analyzed for
its ability to promote actin polymerization from the actin:thy-
mosin L4 and L9 complex. Depending on the nature of the
divalent cation, recombinant plant (birch) profilin exhibited two
different modes of interaction with actin, like mammalian
profilin. In the presence of magnesium ions birch profilin
promoted the polymerization of actin from A:TL4. In contrast,
in the presence of calcium but absence of magnesium ions birch
profilin was unable to initiate the polymerization of actin from
the complex with TL4. However, under these conditions profilin
formed a stable stoichiometric complex with skeletal muscle K-
actin, as verified by its ability to increase the critical
concentration of actin polymerization. Chemical cross-linking
indicated that birch profilin competes with TL4 for actin binding.
Ternary complex formation of birch profilin with actin:DNase I
complex was suggested by chemical cross-linking. However, the
determination of the critical concentrations of actin polymeriza-
tion in the simultaneous presence of birch profilin and DNase I
indicated that profilin and DNase I did not form a ternary
complex. These data indicated a negative co-operativity between
the profilin and DNase I binding sites on actin.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
The intracellular pool of monomeric (G-)actin is supposed
to be maintained by a number of G-actin binding proteins.
The ¢rst actin monomer stabilizing protein identi¢ed was pro-
¢lin [1]. However, it was subsequently realized that the intra-
cellular concentration of pro¢lin is not high enough to seques-
ter all the actin normally found in unpolymerized form (for
review see [2]). Recently, a family of 5 kDa proteins was
identi¢ed, the L-thymosins, that are able to stabilize G-actin
by forming 1:1 stoichiometric complexes [3,4]. Their most
prominent variant is thymosin L4. In many vertebrate cell
types the L-thymosins occur in su⁄ciently high concentration
to explain the high concentration of G-actin. Furthermore, it
was realized that pro¢lin is not a mere actin sequestering
protein, but instead is able to promote actin polymerization
from the actin:thymosin complex [5]. Immunohistochemistry
showed that pro¢lin is particularly enriched in regions of rap-
id actin polymerization and depolymerization like in the cort-
ical web of actively migrating cells [6].
In a previous publication [7], we showed that birch pollen
pro¢lin is able to interact with skeletal muscle K-actin. It was
also shown that birch pro¢lin is able to inhibit chemical cross-
linking of TL4 to actin [7]. These results were taken as evi-
dence that this plant pro¢lin exhibits binding characteristics to
actin similar to mammalian pro¢lin, although both pro¢lins
di¡er considerably in their primary structures. Recently, the
tertiary structures of the complex of bovine spleen pro¢lin and
cytoplasmic L-actin [8] and of human [9], Acanthamoeba [10],
birch pollen [11] and Arabidopsis pro¢lin [12] have been solved
by X-ray crystallography or NMR techniques. These results
have indeed demonstrated that the tertiary structures of these
pro¢lins are almost identical in spite of their sequence di¡er-
ences.
Here, we analyzed the interaction of birch pro¢lin with
actin, actin:thymosin and actin:DNase I complexes quantita-
tively. We demonstrate that birch pro¢lin is also able to pro-
mote actin polymerization from the actin:thymosin complex.
This e¡ect was, however, found to be restricted to certain
ionic conditions, i.e. it was only observed in the presence of
Mg2, but not in the presence of Ca2 ions.
2. Materials and methods
2.1. Protein preparations
Rabbit skeletal muscle actin was puri¢ed as described previously
[13] and taken up in 5 mM HEPES-OH, pH 7.4, 0.1 mM CaCl2, 0.5
mM NaN3, and 0.2 mM ATP (G-bu¡er). Birch pollen pro¢lin was
expressed in Escherichia coli and isolated as detailed previously [7].
Human plasma gelsolin was expressed in E. coli and puri¢ed as de-
scribed in [14]. Bovine pancreatic deoxyribonuclease I (DNase I; EC
3.1.21.1) was a commercial product (Paesel and Lorei, Frankfurt,
Germany) and further puri¢ed by ion-exchange chromatography on
hydroxylapatite as described [13]. TL4 and TL9met were isolated from
bovine and pig spleen, respectively, as given in [15]. Pyrene-labeled
actin (PI-actin) was prepared by following exactly the procedure de-
scribed in [16].
2.2. Gel electrophoretic procedures
Polyacrylamide gel electrophoresis in the presence of sodium dode-
cylsulfate (SDS-PAGE) was performed as given by [17].
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2.3. Chemical cross-linking
Chemical cross-linking with FFD (1,5-di£uoro-2,4-dinitrobenzene)
was performed exactly as detailed previously [18].
2.4. Determination of the critical concentration of actin polymerization
(Cc)
Cc for actin alone or in the presence of constant amounts of mono-
mer binding protein was determined by measuring the £uorescence
decrease of serially diluted samples of F-actin supplemented with
4% of PI-actin after a preincubation period of 16 h at room temper-
ature. The excitation and emission wavelengths were set at 365 nm
and 385.5 nm, respectively. Relative £uorescence readings were done
on a Shimadzu RF-5001-PC spectro£uorometer as detailed in [18].
The time course of actin polymerization from A:TL4 induced by
birch pro¢lin was determined after depolymerization of F-actin con-
taining 4% PI-actin by TL4 to produce free plus ends of F-actin in
equilibrium with A:TL4. The depolymerization process was allowed to
continue until reaching the equilibrium (after about 16 h) at room
temperature. Then pro¢lin was added and the relative £uorescence
increase was followed with time.
2.5. Materials
The chemical cross-linker FFD was obtained from Serva (Heidel-
berg, Germany). Pyrenyliodoacetamide was purchased from Paesel
and Lorei (Frankfurt, Germany). All other reagents were of analytical
grade.
3. Results
3.1. Plant pro¢lin binds to mammalian K-actin
The a⁄nity of birch pro¢lin to rabbit skeletal muscle actin
was determined under a number of di¡erent ionic conditions
by determining its e¡ect on Cc. When gelsolin capped F-actin
was used, pro¢lin increased the critical concentration of actin
polymerization in the presence of 2 mM CaCl2 (Fig. 1a). This
e¡ect was attributed to the formation of a stable actin:pro¢lin
complex. It can also be seen from Fig. 1a that pro¢lin appar-
ently increased the extent of actin polymerization above Cc
(steeper slope of the Cc plot). This e¡ect has been observed
previously for mammalian pro¢lin and was attributed to its
preferential binding to unmodi¢ed actin thus increasing the
concentration of free PI-actin available for the polymerization
reaction [19]. Here we demonstrate the identical behavior for
birch pro¢lin. From the shift of the Cc the dissociation con-
stant KD of birch pro¢lin to K-actin was calculated to be 1.83
WM. A similar result was obtained by using uncapped actin
¢laments (Fig. 1b), although a signi¢cantly higher a⁄nity for
pro¢lin binding to actin was expected. Under these conditions
and in the presence of 2 mM CaCl2 or 50 mM KCl, the KD of
birch pro¢lin to K-actin were determined to be 3.25 WM and
6.53 WM, respectively, indicating a lower a⁄nity in the ab-
sence of divalent and presence of high concentrations of
monovalent cations. The determined a⁄nities for birch pro¢-
lin are in good agreement with our own previous results [7]
and recently determined values for Arabidopsis [20] and maize
pollen pro¢lin [21], but lower than the a⁄nities of mammalian
(bovine spleen) pro¢lin to actin (about 0.45 WM [5]).
3.2. Pro¢lin induces actin repolymerization from the
actin:thymosin L9 complex
The L-thymosins inhibit the salt induced polymerization of
actin [2^4,22]. When added to F-actin, L-thymosins were
shown to induce its slow depolymerization [23]. Addition of
plant pro¢lin to preformed A:TL4 under polymerizing condi-
tions, i.e. in the presence of free ¢lament ends and 2 mM
MgCl2, led to a partial repolymerization of actin that was
followed £uorometrically with time (Fig. 2a). This polymer-
ization e¡ect was not observed in the presence of 2 mM CaCl2
(Fig. 2a), as previously reported for mammalian pro¢lin [20].
The polymerizing e¡ect of birch pollen pro¢lin was also
observed when F-actin had been depolymerized by TL9 (Fig.
2b), which is known to bind to G-actin with a twofold higher
a⁄nity than TL4 (see Fig. 2c and [24]). The mode of interac-
tion of birch pro¢lin with actin was further analyzed kineti-
cally by determining Cc in the simultaneous presence of TL9
and 2 mM MgCl2 (Fig. 2c). It can be seen that pro¢lin de-
creased Cc in the presence of TL9. Under these experimental
conditions the estimated Cc of actin alone was 0.235 WM and
0.8675 WM in the presence of 2.54 WM TL9 [TL9o]. The KD of
TL9 to actin was calculated to be 0.708 WM, in good agree-
ment with [24]. The critical concentration of actin polymer-
ization in the presence of 4.33 WM birch pro¢lin [Ap] equals
[KT]U[ATL9]/([TL9o]3[ATL9]) and was calculated to be
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Fig. 1. a: Determination of KD of birch pro¢lin to K-actin Cc was
determined as detailed in Section 2. Line A, actin alone (Cc : 0.7
WM) and line B, actin in the presence of 4.86 WM birch pro¢lin (Cc :
2.04 WM). The reaction was carried out in a bu¡er containing 10
mM imidazole-HCl, pH 7.0, 1 mM ATP and 2 mM CaCl2. The
plus ends of F-actin were capped by gelsolin (molar ratio actin:gel-
solin = 300:1) to prevent binding to A:P. b: Comparison of KD val-
ues of birch pro¢lin to K-actin under di¡erent ionic conditions. The
reaction was carried out in a bu¡er containing 10 mM imidazole-
HCl, pH 7.0, 1 mM ATP and 50 mM KCl (line A/B) or 2 mM
CaCl2 (lines C/D). Lines A/C, actin alone (Cc : 0.41 WM/0.76 WM)
and lines B/D, actin in the presence of 7.275 WM birch pro¢lin (Cc :
0.84 WM/2.14 WM)
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0.0842 WM. Thus our data indicated a 2.8-fold decrease of Cc
by birch pro¢lin in the presence of TL9. Furthermore, the
results given in Fig. 2a^c indicate that pro¢lin and TL4 or
TL9 did not bind simultaneously and independently to the
same actin molecule, but competed in a mutually exclusive
manner.
3.3. Chemical cross-linking indicates competition between
pro¢lin and thymosin L4 for actin binding
Competition of pro¢lin and TL4 for actin binding was fur-
ther analyzed by chemical cross-linking. To this end, actin was
¢rst cross-linked to TL4 and in a second reaction to birch
pro¢lin. The results obtained are shown in Fig. 3a,b and dem-
onstrate that binary complexes of actin with either TL4 or
birch pro¢lin were obtained. After addition of the second
actin binding protein, it was not possible to generate the
A:P:TL4 ternary complex which was also not obtained
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Fig. 3. Interaction of cross-linked A:TL4-complex with pro¢lin. a:
Time course of cross-linking A:TL4 (4.66U1035 M actin, 9.3U1035
M TL4, lanes 1^6). After 3 h the resulting mixture of native and
cross-linked A:TL4 was treated with pro¢lin (lanes 7^12). The pro-
tein concentrations changed to 2.79U1035 M actin, 5.59U1035 M
TL4 and 5.6U1035 M pro¢lin. At the times indicated in the ¢gure
3.2 Wl (lanes 1^6) or 5.3 Wl (lanes 7^12) were removed and analyzed
by SDS-PAGE (7.5% acrylamide). b: Identical experiment to that
shown in a, except that TL4 was omitted.
Fig. 2. a: Time course of actin polymerization from A:TL4 induced
by birch pro¢lin under di¡erent ionic conditions. 1.0 WM F-actin
supplemented with 4% PI-actin was preincubated with 13.16 WM
TL4 in G-bu¡er with 50 mM KCl (A and B). The same actin con-
centration was preincubated with 12 WM TL4 in G-bu¡er with 50
mM KCl and 2 mM CaCl2 (C). After reaching the equilibrium the
initial £uorescence was set to zero and the time course of the rela-
tive £uorescence was measured. Curve A, successive addition of
1 mM MgCl2 and 5.1 WM pro¢lin (long arrows); curve B, succes-
sive addition of 2.56 WM pro¢lin, 5.1 WM pro¢lin (¢nal concentra-
tion), and ¢nally 1 mM MgCl2 (arrowheads); curve C, successive
addition of 4.7 WM pro¢lin and 7.05 WM pro¢lin (short arrows). b:
Time course of actin polymerization from A:TL9 induced by birch
pro¢lin. 1.08 WM F-actin (4% PI-actin) and 2.55 WM TL9 were pre-
incubated in G-bu¡er supplemented with 50 mM KCl and 2 mM
MgCl2. After 16 h the repolymerization was started with 5.1 WM
birch pro¢lin. c: E¡ect of pro¢lin and TL9 on Cc. The e¡ect of pro-
¢lin on Cc was determined as detailed in Section 2. The reaction
was performed in G-bu¡er supplemented with 50 mM KCl and
2 mM MgCl2. Line A, actin alone (Cc : 0.235 WM); line B, actin in
the presence of 4.33 WM pro¢lin (Cc : 0.235 WM); line C, actin in
the presence of 2.54 WM TL9 (Cc : 0.8675 WM); line D, actin in the
presence of 4.33 WM pro¢lin and 2.54 WM TL9 (Cc : 0.505 WM).
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when the cross-linking reaction was carried out in the simul-
taneous presence of TL4 and pro¢lin [7].
3.4. Chemical cross-linking indicates ternary complex
formation of pro¢lin with A:D
Recent 3D structure analyses had demonstrated that DNase
I and bovine spleen pro¢lin bind to opposite sites on actin
[8,25]. It appeared therefore not surprising to generate a ter-
nary complex between actin, pro¢lin and DNase I by chemical
cross-linking (Fig. 4).
3.5. Negative co-operativity between the pro¢lin and DNase I
binding sites on actin
However, when the kinetic procedure (determination of Cc)
was used to analyze ternary complex formation between actin
and birch pro¢lin and DNase I, a separate slope for the Cc in
the presence of both DNase I and pro¢lin was obtained (Fig.
5). Since the shift in Cc was the sum of the Ccs of pro¢lin and
DNase I on their own, these data suggest that binding of
birch pro¢lin and DNase I was mutually exclusive. Negative
co-operativity between birch pro¢lin and DNase I binding
had to be assumed, since the binding sites of pro¢lin and
DNase I on actin are spatially separated [8,25]. This assump-
tion was supported by gel ¢ltration experiments using mix-
tures of actin, plant pro¢lin and DNase I after preincubation
for 2 h in G-bu¡er. The results obtained indicated complex
formation between actin and DNase I (not shown) or pro¢lin
(Fig. 5b), whereas pro¢lin elution was shifted to later fractions
after addition of DNase I (Fig. 5c), although cross-linking
indicated ternary complex formation. However, it has recently
been shown that chemical cross-linking may also stabilize
short-lived and/or low a⁄nity complexes [18].
4. Discussion
Here we demonstrate that birch pro¢lin interacted with
rabbit skeletal muscle K-actin in a manner identical to the
behavior reported for mammalian pro¢lin. Birch pro¢lin
was able to promote the polymerization of actin from L-thy-
mosin complexes. As reported previously for mammalian pro-
¢lin [20], the repolymerization ability depended on the nature
of the divalent cation. Indeed, the recent structure determina-
tion of birch pro¢lin by NMR techniques [11] has shown a
protein fold identical to mammalian spleen [8] or even Acan-
thamoeba pro¢lins [10], although they di¡er considerably in
their primary sequences. The estimated dissociation constant
of birch pro¢lin to K-actin is considerably lower than for
mammalian pro¢lin, but in good agreement with a previous
determination for recombinant birch pollen [7] and Arabidop-
sis pro¢lin [19], which in its primary sequence is highly ho-
mologous (90%) to birch pro¢lin [20].
Like mammalian spleen pro¢lin, birch pro¢lin also pro-
moted the polymerization of actin from the L-thymosin com-
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Fig. 5. a: E¡ect of DNase I and pro¢lin on Cc. The reaction was
carried out in a bu¡er consisting of 10 mM imidazole-HCl, pH 7.0,
1 mM ATP and 2 mM CaCl2. All samples contained gelsolin (mo-
lar ratio actin:gelsolin=300:1) to prevent binding of A:P to plus
ends of F-actin. Line A, actin alone (Cc : 0.7 WM); line B, actin in
the presence of 0.6 WM DNase I (Cc : 1.34 WM); line C, actin in the
presence of 4.86 WM pro¢lin (Cc : 2.04 WM); line D, actin in the
presence of both actin binding proteins at identical concentrations
(Cc : 2.86 WM). b and c: Gel ¢ltration experiments. Actin (7.9 mg)
was mixed with birch pro¢lin (2.46 mg), preincubated for 2 h on ice
and passed over a Sephacryl S 300 (Pharmacia, Freiburg, Germany)
column (1.5 cm, 45 cm) equilibrated and eluted with G-bu¡er. c:
Actin (3.3 mg) was mixed with birch pro¢lin (1.1 mg), incubated
overnight and then supplemented with DNase I (2.4 mg) and prein-
cubated for 2 h on ice. The mixture (V) was then subjected to gel
¢ltration under identical conditions as in b. Fractions of 3.4 ml
were collected. Aliquots of 20 Wl were analyzed by SDS-PAGE
(15% acrylamide). Fraction numbers are indicated at the top of the
gels. M gives prestained molecular mass marker proteins (Sigma,
Munich, Germany), top to bottom: 116, 84, 58, 48.5, 36.5, and 26.6
kDa.
Fig. 4. Interaction of cross-linked actin:pro¢lin-complex with
DNase I. A mixture of cross-linked and native actin:pro¢lin com-
plex (2.5U1035 M actin, 5.4U1035 M pro¢lin) was treated with
DNase I (2.5U1035 M, lanes 1^5). At the times indicated in the ¢g-
ure 6 Wl of the samples were removed and analyzed by SDS-PAGE
(10% acrylamide). Lanes 6^10 give the same experiment except that
pro¢lin was omitted.
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plex. It might therefore be interesting to search for L-thymo-
sin-like proteins in plants. The polymerization promoting abil-
ity was only observed in the presence of magnesium ions in
agreement with data from [5,20]. The dependence of the abil-
ity of birch pro¢lin to promote actin polymerization from
A:TL4 on the nature of the divalent cation is di⁄cult to ex-
plain, since pro¢lin itself has not been reported to contain
cation binding sites. However, it has repeatedly been shown
that Ca2-actin (containing a calcium ion at its high a⁄nity
site) di¡ered structurally and in many functional respects from
Mg2-actin (for review see [26]). Our data therefore suggest
that the cation induced di¡erent conformational states of ac-
tin also in£uence its mode of interaction with pro¢lin. Anoth-
er explanation of the Mg2-dependent induction of actin pol-
ymerization by pro¢lin has been given by [20]. These authors
assume that the plus ends have to contain Mg-ADP-actin for
the pro¢lin:actin complex to associate to F-actin. In the pres-
ence of Mg2 ions, the ATP of ¢lament associated actin:pro-
¢lin complex is rapidly hydrolyzed which then leads to the
rapid dissociation of pro¢lin. In contrast, Ca2 ions uncouple
ATP hydrolysis and actin polymerization leading to a pre-
dominance of Ca-ATP-actin containing ¢lament ends to
which the pro¢lin:actin complex is unable to bind [20].
Chemical cross-linking experiments indicated that pro¢lin
does not form a ternary complex with A:TL4. Indeed, a recent
study has given evidence that the binding sites of TL4 and
pro¢lin overlap [7] in agreement with our data indicating di-
rect competition of pro¢lin and TL4 for binding to actin. The
decrease in the critical concentration of actin polymerization
e¡ected by pro¢lin in the presence of MgCl2 can only be due
to a shift in the G-F equilibrium induced by increased binding
of actin monomers or A:P to ¢lament ends.
Structural analyses have shown that the binding sites for
gelsolin segment 1 and pro¢lin (bovine spleen) on actin are
not identical, but overlap considerably around the cleft be-
tween subdomains 1 and 3 of actin [8,27]. The data presented
demonstrate that like gelsolin segment 1 [18] plant pro¢lin
also in£uences the DNase I binding site on subdomain 2 in
a negative co-operative manner. Therefore, it can be inferred
that pro¢lin binding to actin induces conformational changes
in subdomain 2 of actin. From ¢ber di¡raction and modelling
data of F-actin this area is supposed to be directly involved in
the actin:actin interaction and to alter its conformation dur-
ing polymerization [28]. It is therefore possible that the de-
crease in the critical concentration of Mg-actin polymerization
in the presence of pro¢lin is mediated by an allosterically
induced structural change of this region of actin promoted
by pro¢lin binding.
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